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戊型肝炎病毒（Hepatitis E Virus, HEV）是一种无包膜的单股正链 RNA 病
毒，共有四种基因型，但只有一种血清型。由该病毒引起的戊型肝炎是全世界范
围内的公共卫生问题，孕妇感染戊肝病毒具有较高的死亡率。 
由于目前缺乏高效的 HEV 体外培养模型，HEV 的感染及中和机制一直未被
阐明。HEV ORF2 编码唯一的结构蛋白并组装成病毒衣壳蛋白，由于 HEV 无包
膜，衣壳蛋白直接参与了病毒吸附、入胞，并诱导宿主免疫应答等过程。重组表
达的 HEV 衣壳蛋白是相关研究的理想对象，对于 HEV 衣壳蛋白的结构和重要
抗原性表位的研究有助于阐明 HEV 的结构基础和感染、入胞机制，进而为戊肝
的预防、诊断和治疗提供理论指导。 
ORF2 编码全长 660 个氨基酸的结构蛋白，其中 aa 459-606 可形成同源二聚
体（E2s），是 HEV 主要的中和抗体结合区域。本实验室前期筛选获得 HEV 高
亲和力中和抗体 8C11，并利用大肠杆菌表达的 E2s 与中和抗体 8C11 的 Fab 制
备免疫复合物并解析了复合物结构，阐明了 8C11 的识别表位。E2s 在体外无法
组装成颗粒，而昆虫细胞表达的 ORF2 p495 蛋白（aa112-606）可组装形成 T=1
的正二十面体对称的病毒样颗粒（Virus Like Particle, VLP）。E2s 位于颗粒表面
二倍轴区域的突起，8C11 的识别表位位于二聚体突起的沟槽区。有趣的是，按
照已解析的 E2s:8C11 结构所阐明的结合方式，结合在 p495 上的 8C11 将与颗粒
上相邻的二聚体突起发生碰撞，提示 8C11 结合 p495 颗粒具有较大的空间位阻。
为阐明 8C11 结合 p495 乃至天然病毒并发挥中和作用的具体机制，本研究利用
昆虫细胞表达的 p495 VLP，解析颗粒及颗粒复合物的冷冻电镜结构，并在颗粒
层面上研究 8C11 与 p495 的相互作用。 
首先，利用杆状病毒昆虫细胞表达系统表达 p495 蛋白，组装成 VLPs，通过
PEG 沉淀和阴离子交换层析两步纯化高效地获得纯度大于 90%、形态大小均一
的 p495 VLPs，并确定了最佳缓冲条件，验证了颗粒在该缓冲液中的稳定性。酶
联免疫实验和小鼠免疫实验验证了 p495 VLPs 具有良好的抗原性和免疫原性，且
















附 HepG2 细胞，中和抗体 8C11 能阻断该吸附。利用冷冻电镜技术，获得分辨率
为 3.4 Å 的 T=1 p495 VLP 结构，与已报道的晶体结构基本一致。 
再者，利用本研究获得的 p495 VLPs 与中和抗体 8C11 制备复合物。在此研
究中我们发现 p495 VLPs 与 8C11 形成的免疫复合物极不稳定，在一定时间后颗
粒解聚，形成 p495 单体，二聚体或多聚体的 8C11 复合物，电镜结果和生化实验
都证实了这一现象。而 p495 VLPs 与另一株抗体 3B6 形成的免疫复合物却未出
现这种解聚现象。利用冷冻电镜单颗粒重构技术，我们解析暂未完全解聚的 p495：
8C11 复合物，分辨率为 4.0 Å，对结构的分析结果显示，复合物表面的 E2s 部分
由于 8C11 的结合产生较大的无规则形变，对称性被破坏，使得在利用信号叠加
方式的重构过程中 E2s 的部分密度丢失。通过多种重构方法的尝试，均未获得理
想的复合物结构，这些结果证明了 8C11 的结合会破坏颗粒。作为对照，p495:3B6 


































Hepatitis E virus(HEV) is a non-enveloped single-stranded, positive-sense RNA 
virus. It mainly divided into 4 genotypes with a single serotype. Hepatitis E caused by 
HEV is a worldwide public health problem, which results in high case-fatality rate 
among pregnant women and infants. 
Due to the lack of efficient HEV culture system, HEV infection and neutralization 
mechanism has not been elucidated. HEV ORF2 encodes a unique structural protein 
assembling into viral capsid. The capsid proteins are directly involved in virus 
adsorption, cell entry and induction of host immune responses since HEV is non-
enveloped. Therefore, recombinant expressed HEV capsid proteins are the ideal 
materials for related studies. The studies of capsid protein structure and immunological 
epitopes can help to elucidate the structural basis and the infection mechanism of HEV, 
and thus provide important guidance for HEV prevention, diagnosis and treatment. 
HEV ORF2 encodes the only structural protein with 660 amino acids and aa459-
606 encoded protein can form homodimer(E2s), which is the principal target of HEV 
neutralizing antibodies. Previously, we have expressed E2s in E.coli. The structure of 
E2s:8C11 complex was determined by crystallographic method and 8C11 recognition 
epitope have been elucidated. E2s can’t self-assamble into particles, but the HEV ORF2 
aa112-606 (p495) expressed in insect cells can self-assemble into T=1 icosahedral 
particle. E2s located in the 2-fold axis region as protruding spike. 8C11 recognized the 
groove region of E2s. What is interestion is that if 8C11 binds the same epitope on p495, 
it will have steric hindrance between the bound 8C11 and the adjacent E2s on particle. 
In this study, we obtained p495 VLP and its cryo-EM structure. Then the VLP was used 
to study the interaction with 8C11.   
Firstly, p495 protein was expressed by baculovirus insect cell expression system 
and assembled into VLPs (Virus Like Particles). The VLPs with high purity (>90%) 
and homogeneous in size was obtained by precipitation and subsequently anion 
















verified the most suitable condition for the stability of p495 VLPs. Results of enzyme-
linked immunoassay and mouse immunization showed that p495 VLPs had good 
immunoreactivity and immunogenicity that is equivalent to vaccine antigen p239 of 
Hecolin®. Other experiments on cell level showed that p495 VLPs could successfully 
attach to HepG2 cells and neutralizing antibody 8C11 could block the attachment. And 
3.4 Å cryo-EM structure of p495 VLP was obtained. 
Then, the p495 VLPs were used to prepare immune complexes with neutralizing 
antibody 8C11. Compared with 3B6 complex, 8C11 complex was extremely unstable. 
8C11 made the VLPs depolymerized after a certain time to form complex of p495 
monomer, dimer or polymer. The structure p495:8C11 before depolymerization was 
obtained by using Cryo-EM single particle reconstruction. The resolutions were 4.0 Å. 
Through the analysis of cryo-EM density maps, we found that E2s parts of p495:8C11 
appeared to be distorted irregularity. The symmetry was destroyed which lead to the 
signal loss during the reconstruction. Several reconstruction methods had been tried to 
obtain an ideal structure but failed. This also showed that 8C11 will destroy the particle. 
As a control, the structure of p495:3B6(9.4 Å) showed intact densities of both p495 and 
Fab. As the depolymerization caused by antibody was observed on VLPs, here we 
explored antibodies-mediated virus stability to verify if 8C11 can destroy native HEV. 
The result suggested that 8C11 has the potential for destroying native HEV.    
In this study, we expressed p495 VLPs in insect cells and elucidated the 
phenomena of 8C11 making the VLPs depolymerized based on the methods of 
biochemistry, molecular biology and structural biology. The depolymerization was 
caused by steric hindrance. The way to destroy a virus particle directly due to steric 
hindrance may be a new neutralization mechanism of antibody. 
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aa: Amino Acid, 氨基酸 
Amp: Ampicillin, 氨苄青霉素 
AP: Alkaline Phosphatase, 碱性磷酸酶 
AUC: Analytical Ultracentrifugation, 分析型超速离心 
Bp: base pair, 碱基对 
Cryo-EM: Cryo-Electron Microscopy, 冷冻电子显微镜 
DLS: Dynamic Light Scattering, 动态光散射 
DNA: Deoxyribonucleic Acid, 脱氧核糖核酸 
ELISA: Enzyme-linked ImmunoSorbant Assay, 酶联免疫吸附测定 
Fab: Fragment-antigen binding, 抗体的 Fab 段 
GAM: Goat Anti Mouse, 羊抗鼠抗体 
HPLC: High Performance Liquid Chromatography, 高效液相色谱 
HEV: Hepatitis E virus, 戊型肝炎病毒 
HRP: Horseradish Peroxidase, 辣根过氧化物酶 
Kan: Kanamycin, 卡那霉素 
kb: Kilo base pair, 千碱基对 
KDa: kilo Daltons, 千道尔顿 
Mab: monoclonal antibody, 单克隆抗体 
ORF: Open Reading Frame, 开放阅读框 
PDB: Protein Data Bank, 蛋白质数据库 
PEG: polyethylene glycol, 聚乙二醇 
pH: Hydrogen Ion Concentration, 氢离子浓度指数 
RNA：Ribonucleic Acid, 核糖核酸 
SV: Sedimentation Velocity, 沉降速度 
TEM: Transmission Electron Microscopy, 透射电子显微镜 
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戊型肝炎（戊肝）是一种由戊型肝炎病毒（Hepatitis E virus, HEV）感染引起
的自限性疾病，是全世界范围内的一个公共卫生问题，尤其是在亚洲、非洲等卫
生条件不佳的发展中国家[1]。在已知的肝炎病毒中戊肝病毒发现得较迟，很长一





1.1.1 HEV 的基因型 





鱼等[3-10]。HEV 在不同的物种间存在交叉感染现象，其中猪被认为是基因 III 型
和 IV 型病毒的最原始宿主。各基因型除宿主差异外，在地域分布上也存在差别。
























图 1.1 戊肝病毒的进化分析及基因分型[15] 
Fig. 1.1 Phylogenetic tree of global HEV isolates, based on a portion of the 
nucleotide sequence encoding the capsid protein 
 
 
图 1.2 戊肝病毒各基因型的流行情况[11] 























图 1.3 戊肝病毒的传播途径[16] 
Fig. 1.3 Sources and route of HEV infection 
 





























1973 年、1981 年、1995 年、2009 年和 2014 年均发生了规模较大的戊肝爆发。
除此之外，我国、印度、缅甸、阿富汗、巴基斯坦、泰国、黎巴嫩、埃塞俄比
亚、苏丹、索马里、斯里兰卡及中美洲的墨西哥等地均发生过戊肝大流行。其
中 1986~1988 年发生在我国新疆南部的戊肝爆发规模最大，共波及新疆 23 个县
市，持续时间 20 多月之久，报道的病例数高达 119,280 例，病死人数 707 人，
其中 414 人为孕妇。2007 年 10 月，非洲乌干达北部地区发生了近年来最严重
的一次戊肝流行[24]，累计病例达到 10,196 例，死亡 160 人。在疫情最严重的两
个镇，发病率分别达到 30.9%和 19.2%。此次流行中，孕妇和 0-2 岁婴幼儿的病
死率高达 8.2%和 8.7%。 
 
 
图 1.4 戊肝在世界范围内的流行情况[25] 
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